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Hox genes encode homeodomain-containing transcription factors that pattern the body axes of animal embryos. It is well established that the
exquisite DNA-binding specificity that allows different Hox proteins to specify distinct structures along the body axis is frequently dependent on
interactions with other DNA-binding proteins which act as Hox cofactors. These include the PBC and MEIS classes of TALE (Three Amino acid
Loop Extension) homeodomain proteins. The PBC class comprises fly Extradenticle (Exd) and vertebrate Pbx homeoproteins, whereas the MEIS
class includes fly Homothorax (Hth) and vertebrate Meis and Prep homeoproteins. Exd was first implicated as a Hox cofactor based on mutant
phenotypes in the fly. In vertebrates, PBC and MEIS homeobox proteins play important roles in development and disease. In this review, we
describe the evidence that these functions reflect a requirement for Pbx and Meis/Prep proteins as Hox cofactors. However, there is mounting
evidence that, like in the fly, Pbx and Meis/Prep proteins function more broadly, and we also discuss how ‘‘Hox cofactors’’ function as partners for
other, non-Hox transcription factors during development. Conversely, we review the evidence that Hox proteins have functions that are
independent of Pbx and Meis/Prep cofactors and discuss the possibility that other proteins may participate in the DNA-bound Hox complex,
contributing to DNA-binding specificity in the absence of, or in addition to, Pbx and Meis/Prep.
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Hox genes encode homeodomain-containing DNA-binding
proteins that pattern the anterior–posterior body axis of animal
embryos (Krumlauf, 1994; Lumsden and Krumlauf, 1996). Hox
genes are organized in clusters and are expressed along the body
axis in a manner corresponding to their position along the chro-
mosome. Mutations in Hox genes result in morphological trans-
formations of the segmental structures in which a specific gene is
normally expressed (Capecchi, 1997).While the ancestral role of
Hox genes may be to specify regional identities along the
anterior–posterior body axis, in vertebrates, Hox genes are
involved in a number of other processes including patterning of
the limb bud axis, hematopoeisis and organogenesis.
Although purified Hox proteins have been shown to bind
DNA weakly in vitro, the high degree of conservation among
their homeodomains results in poor sequence specificity (Hoey0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.10.032
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E-mail address: cmoens@fhcrc.org (C.B. Moens).and Levine, 1988), raising the problem of how the in vivo
specificity is achieved. It is by now well established that Hox
DNA-binding specificity is modified through interactions with
other DNA-binding proteins, which act as cofactors (Mann,
1995; Mann and Affolter, 1998; Mann and Chan, 1996). Like
the Hox genes themselves, Hox cofactors were originally
identified as the products of genes that were disrupted in body
patterning mutants in Drosophila. However, work over the past
several years has uncovered important functions for the
homologs of these genes in vertebrate development and
disease. While some of their functions are clearly Hox-
dependent, others are less obviously so, suggesting that these
proteins function more broadly to modulate the activities of
transcription factor complexes.
Hox cofactors enhance Hox DNA-binding specificity
in vitro
The first Hox cofactor identified was Drosophila Extra-
denticle (Exd). Mutations in exd were originally identified as91 (2006) 193 – 206
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in the fly, without altering the expression patterns of the Hox
genes themselves (Peifer and Wieschaus, 1990; Rauskolb et
al., 1993, 1995). Thus, genetically, Exd functions in parallel
to the Hox proteins to alter the morphological consequences
of their activities. Exd encodes a divergent homeodomain
protein related to a vertebrate protein, Pbx1, that was
independently identified due to its mutation by t(1:19)
chromosomal translocations leading to human preB cell acute
lymphoblastic leukemia (Kamps et al., 1990; Nourse et al.,
1990; Rauskolb et al., 1993) (Fig. 1). Exd and Pbx comprise
the PBC subclass of the TALE homeodomain proteins,
referring to the conserved PBC motif N-terminal to the TALE
homeodomain (Burglin, 1997, 1998) (Figs. 1, 2). In vitro,
Pbx/Exd cooperates with a broad subset of Hox proteins to
bind a paired recognition element on DNA with high
specificity (Chan et al., 1994; Chang et al., 1995). Based
on a limited number of such recognition elements, early work
suggested that the sequence specificity of a given Hox protein
in the presence of Pbx/Exd was defined (Chan et al., 1997;
Ryoo et al., 1999). However, recent evidence has indicated
that the sequence requirements for DNA binding by Hox
complexes are difficult to predict (Ebner et al., 2005).Fig. 1. Phylogeny and structure of Hox cofactors. (A) TALE homeodomain protei
proteins, fly Extradenticle and worm Ceh-20, and the MEIS family, including verte
indicate mouse proteins, purple lettering indicates their zebrafish orthologs. Althoug
genetic rescue experiments in zebrafish have suggested that the different pbx genes a
mammalian Pbx genes.The primary interaction between Pbx/Exd and Hox is via
the three amino acid loop in the Pbx homeodomain, which
binds a tryptophan-containing hexapeptide motif (N-Y/F-P/D-
W-M-K/R) N-terminal to the homeodomain in all Hox proteins
except those of paralog groups 11–13 (Chang et al., 1995;
Knoepfler and Kamps, 1995; Neuteboom et al., 1995; Passner et
al., 1999; Phelan et al., 1995; Piper et al., 1999). Recent
structure– function analyses of the hexapeptide motif of
Drosophila Hox proteins Ubx and AbdA in vitro and in vivo
suggest that the physical interaction is more complex than this,
however, since Exd binds Hox proteins through other residues
in the absence of the Hox hexapeptide motif (Galant et al., 2002;
Merabet et al., 2003). Indeed, one of the earliest studies of Pbx–
Hox interactions had implicated 15 amino acids downstream of
the Pbx homeodomain in this interaction (Chang et al., 1995).
The in vivo effects of cofactor binding on Hox function are
still controversial. Depending on the target, Hox–Exd or Hox–
Pbx complexes can act as transcriptional activators or as
transcriptional repressors. This has suggested that the ‘‘sign’’ of
the transcriptional effect is determined not by the presence or
absence of cofactors, but by the recruitment of other factors
into the complex depending on the specific regulatory sequence
involved and/or on the extracellular signals (Gebelein et al.,ns are divided into two groups: the PBC family, including the vertebrate Pbx
brate Meis and Prep, fly Homothorax (Hth) and worm Unc-62. Orange letters
h in some cases the orthology assignments are not clear (as for pbx2 and pbx4),
re functionally identical. Similar information is not yet available with regard to
Fig. 2. Structure of TALE homeodomain proteins. Prototype members of PBC
and MEIS classes are shown here. ‘‘a’’ and ‘‘b’’ refer to splice isoforms of Pbx
and Meis proteins. All TALE homeodomain proteins contain a divergent
homeodomain (HD) containing a 3 amino acid loop extension (TALE) between
the first and second a-helices. The TALE motif virtually always bears a proline
(P)– tyrosine (Y)–proline (P) in positions 24–26 (Burglin, 1997, 1998) and
contacts the hexapeptide motif of Hox proteins (Piper et al., 1999). Pbx proteins
contain an additional DNA-contacting a-helix (a4; HCM) C-terminal to the
canonical homeodomain (Piper et al., 1999). The PBC-A and PBC-B domains
are conserved among Pbx, Exd and Ceh-20, and the PBC-A domain interacts
with Meis/Prep proteins (Ryoo et al., 1999). Conversely, the HM1 and HM2
domains (Burglin, 1997; Mann and Affolter, 1998) are conserved among Meis/
Prep proteins and are required for interactions with Pbx proteins (Ryoo et al.,
1999). Posterior Hox genes of the AbdB subclass are unusual in that they can
interact directly with Meis proteins via a C-terminal region (CTD) of Meis
including the homeodomain; this region is indicated by a black bar (Williams et
al., 2005).
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others have found that normally repressed targets become
activated when the Hox hexapeptide is mutated (Galant et al.,
2002; Merabet et al., 2003), suggesting that in some contexts
cofactor binding may determine the way in which Hox proteins
regulate their targets (Peifer and Wieschaus, 1990; Pinson-
neault et al., 1997).
Although cofactor binding clearly affects Hox DNA-binding
specificity, the effect on DNA-binding affinity differs for
different Hox proteins. For some Hox proteins, interaction
with Pbx confers vastly increased DNA-binding affinity,
whereas for others the interaction appears to have minimal
effect (LaRonde-LeBlanc and Wolberger, 2003). The implica-
tions of these differences for Hox function and the analysis of
Pbx mutant phenotypes are discussed further below.
Another class of TALE homeodomain proteins, the MEIS
class (Burglin, 2005), regulates Hox activity both as compo-
nents of the DNA-bound Hox complex and by regulating Pbx/
Exd activity in the absence of DNA (Berthelsen et al., 1998;
Chang et al., 1997; Chen et al., 1997; Knoepfler et al., 1997;
Moskow et al., 1995). The MEIS class includes Homothorax
(Hth) in flies and the Meis and Prep proteins in vertebrates
(Figs. 1 and 2). Meis/Prep proteins interact directly with Pbx/
Exd and participate in the DNA-bound Hox complex,
recognizing a split sequence on the regulatory regions of target
genes (Ebner et al., 2005; Ferretti et al., 2000; Jacobs et al.,
1999; Mann and Affolter, 1998; Ryoo et al., 1999). Meis/Prep
proteins also promote the nuclear localization (Abu-Shaar et al.,1999; Berthelsen et al., 1999; Jaw et al., 2000; Mercader et al.,
1999; Rieckhof et al., 1997) and stability (Jaw et al., 2000;
Longobardi and Blasi, 2003; Waskiewicz et al., 2001) of Pbx
proteins. Finally, Meis/Prep proteins have been observed to
interact directly with a subset of Hox proteins in a manner that is
independent of the Hox hexapeptide; however, the functional
outcomes of these interactions have not been determined (Shen
et al., 1997; Williams et al., 2005).
Vertebrate Pbx gene family members
Vertebrate genomes contain multiple Pbx family members
(Fig. 1). Pbx2 and Pbx3 were discovered based on their
homology to Pbx1 but have yet to be implicated in disease
(Monica et al., 1991). Pbx4 was identified in a forward genetic
screen in the zebrafish as a mutant in which Hox-dependent
patterning events were disrupted (Popperl et al., 2000;
Waskiewicz et al., 2002). A subsequently identified mamma-
lian Pbx4 gene expressed exclusively in the testis (Wagner
et al., 2001) is not orthologous to zebrafish pbx4 (Fig. 1).
Work in the zebrafish suggests that the functional differences
between pbx genes are likely to be due to differences in their
expression rather than in their biochemical activities (Popperl et
al., 2000). Ectopic expression of any of the zebrafish pbx genes
can completely rescue the embryonic phenotype of pbx4
mutants. Indeed, Drosophila Exd can effect the same rescue,
underlining the high degree of functional conservation across
this protein family. Consistent with this observation, the in vitro
DNA-binding properties of different Pbx proteins appear very
similar: Pbx1, Pbx2 and Pbx3 exhibit identical DNA cooper-
ative binding with a subset of Hox proteins in vitro (Chang et
al., 1995). This predicts that, where the expression of Pbx
family members overlaps, their functions may be partially
redundant. Different Pbx proteins are expressed in temporally
and spatially distinct patterns during organogenesis and in adult
mice, and, in these contexts, single mutant phenotypes have
been informative. However, overlapping expression of more
than one Pbx gene in numerous developing tissues and organs
has been observed (Di Giacomo et al., in press; Kim et al.,
2002; Rhee et al., 2004; Schnabel et al., 2001; Selleri et al.,
2001, 2004; Wagner et al., 2001; Waskiewicz et al., 2002), and
double mutant analysis is now required to understand Pbx
function in these contexts (see below).
Pbx proteins function as Hox cofactors in vertebrates
Several lines of evidence demonstrate that Pbx proteins
function as Hox cofactors in vertebrates as they do in
Drosophila. We outline this evidence below, before discussing
the contexts in which Hox and Pbx proteins appear to function
independently.
Hox regulatory elements include required Pbx binding sites
The first evidence that Pbx proteins function as Hox
cofactors in vertebrate development came with the identification
of paired Hox/Pbx regulatory elements in the promoters of
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particularly in the vertebrate hindbrain, is highly auto- and
cross-regulated (reviewed in Nonchev et al., 1997). For
example, among the Hox paralog group 1 genes, Hoxa1 is
required for the normal onset of Hoxb1 expression, while
Hoxb1 is required for its own maintenance (Popperl et al., 1995;
Studer et al., 1998). In these and other examples of Hox-
dependent gene regulation in vertebrates, the Hox recognition
element consists of a paired Hox/Pbx binding site (often with a
nearby Meis/Prep site), and mutating either the Hox- or the Pbx-
binding element prevents reporter expression in transgenic mice
(Ferretti et al., 2000; Maconochie et al., 1997; Manzanares et al.,
2001; Popperl et al., 1995; Samad et al., 2004). In Drosophila,
examples of Exd-independent repression by multiple mono-
meric Hox binding sites have been described (Galant et al.,
2002; Hersh and Carroll, 2005; Pederson et al., 2000). However,
no such example has been identified to date in vertebrates.Fig. 3. Pbx mutants in the fish and mouse recapitulate Hox mutant phenotypes. (
zebrafish. (A) Wild-type zebrafish carrying an isl1-GFP transgene that is expressed i
(asterisks), leaving the facial nerve behind to exit from r4. (B) isl1-GFP transgenic i
Note that the facial motor neurons have differentiated in r4 (asterisk) but have not
zygotic Pbx4 protein due to a genetic mutation. Note that the facial motor neurons h
in the mouse. Transverse H&E-stained sections through E16 thymic lobes are shown
embryo; (G): Hoxa3+/; Hoxb3/; Hoxd3/ compound mutant. In both mouse m
within the neck), they do not fuse and do not descend into the mediastinum as in wi
from Manley and Capecchi, 1998).Pbx mutants in fish and mice recapitulate Hox loss-of-function
phenotypes
Zebrafish pbx4 mutants were originally identified as
resembling Hox mutants that have been described in the mouse
(Popperl et al., 2000). In all vertebrates, the posterior-most
region of the developing brain, the hindbrain, is segmented
along its anterior–posterior axis into seven rhombomeres (r1–
r7) whose unique identities are specified by Hox genes of
paralog groups 1–4, the ‘‘anterior’’ Hox genes. In pbx4
mutants, a subset of motor neurons that are born in r4 in the
hindbrain fail to undergo their normal posterior migration into
r6 and r7 (Cooper et al., 2003). In this respect, zebrafish pbx4
mutants precisely phenocopy Hoxb1 mutants in the mouse
and hoxb1a morpholino-injected embryos in the zebrafish
(Arenkiel et al., 2004; McClintock et al., 2002; Studer et al.,
1996) (Figs. 3A–C).A–C) Facial motor neuron migration defects in hox and pbx mutants in the
n cranial motor neurons. Note that the facial motor neurons have migrated to r6
njected with an antisense morpholino (MO) that blocks the function of Hoxb1a.
undergone their posterior migration. (C) isl1-GFP transgenic zebrafish lacking
ave failed to migrate (asterisk). (D–G) Thymic defects in Hox and Pbx mutants
. (D, F) Wild-type littermates of the mutants shown in panel E, G. (E) Pbx1/
utants, the thymic phenotype is identical: the lobes are ectopic (still localized
ld-type embryos. Thymus, th; superior vena cava, vc (lower panels are adapted
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loss-of-function phenotypes in the mouse, the overall pheno-
type is less severe than would be expected if the mutation
rendered all hexapeptide-containing Hox proteins inactive.
Pbx4 is expressed both maternally and zygotically, and its
ubiquitous zygotic expression overlaps with that of another pbx
gene, pbx2. By eliminating pbx2 (using antisense morpholinos)
and both maternal and zygotic pbx4 (by making germline
clones of pbx4/ cells), Waskiewicz et al. showed that pbx
function is required broadly for Hox-dependent processes in
the hindbrain. In all vertebrates, the anterior-most level of Hox
gene expression is the r1/2 boundary. In zebrafish embryos
lacking both maternal and zygotic pbx4 and pbx2, the entire
hindbrain is transformed to rhombomere 1 identity, consistent
with zebrafish Pbx2 and Pbx4 functioning redundantly as
essential cofactors for anterior Hox genes in specifying
rhombomere identities posterior to r1. This interpretation has
been supported by the recent description of Xenopus embryos
in which Hoxa1, Hoxb1 and Hoxd1 were all knocked down
using antisense morpholino oligonucleotides, which exhibit a
similar phenotype (McNulty et al., 2005). Whether pbx genes
are required for more posterior Hox activities in the zebrafish
was not addressed in this work because the vertebrae, which
often exhibit homeotic transformations in mouse Hox mutants,
are delayed in their differentiation in fish, and their morphol-
ogies are more homogeneous than in tetrapods.
Targeted mutations in mouse Pbx1, Pbx2 and Pbx3 genes
cause less severe patterning defects than zebrafish pbx4 or
pbx2; pbx4 mutants, suggesting that redundancy between the
mouse genes may exist at early stages of development as well
(see below). The single mouse mutants thus allow a compar-
ison to later Hox-dependent functions, and, sure enough,
aspects of the mouse Pbx1 and Pbx3 mutants recapitulate later
Hox loss-of-function phenotypes. Pbx1 homozygous mutant
(Pbx1/) embryos develop normally until 11.5 dpc, afterTable 1
Pbx mutants in fish and mouse recapitulate Hox loss-of-function phenotypes
Pbx mutant Phenotype References
Zebrafish pbx4/ Facial motor
neuron migration defect
(Cooper et al., 2003
Zebrafish pbx4/ Mis-targeting of
trigeminal motor axons
(Cooper et al., 2003
Zebrafish mzpbx4/;
pbx2MO
Absence of r4, r5 (Waskiewicz et al., 2
Mouse Pbx1/ 2nd branchial arch
transformation
(Selleri et al., 2001)
Mouse Pbx1/ Cervical vertebral
malformations
(Selleri et al., 2001)
Mouse Pbx1/ Rib malformation (Selleri et al., 2001)
Mouse Pbx1/ Proximal limb
malformation
(Selleri et al., 2001)
Mouse Pbx1/ Impaired hematopoiesis (DiMartino et al., 20
MousePbx1/ Incomplete descent and
fusion of thymus
(Manley et al., 2004
Mouse Pbx1/ Spleen agenesis (Brendolan et al., 20
Mouse Pbx1/ Pancreas hypoplasia (Kim et al., 2002)
Mouse Pbx3/ Congenital apnea (Rhee et al., 2004)which they exhibit pleiotropic phenotypes. Interestingly, most
of the defects found in Pbx1-deficient embryos affect organ
systems (skeleton, hematopoietic, thymus, thyroid, heart,
intestines, pancreas, spleen, kidneys, gonads) where specific
Hox proteins have been shown to control the respective
developmental programs (Table 1). The observed skeletal
malformations spatially overlap with domains whose patterning
is determined by hexapeptide-containing Hox proteins and
positionally and morphologically mimic those of specific Hox
mutants, although they do not precisely recapitulate those seen
in individual Hox gene knockout mice. For example, Pbx1/
mice exhibit a partial transformation of second pharyngeal arch
cartilages to structures resembling first arch cartilages (Selleri
et al., 2001), a phenotype resembling that observed in Hoxa2
mutants (Gendron-Maguire et al., 1993; Rijli et al., 1993).
Phenotypic overlaps with Hox loss-of-function mutants are
also observed in caudal pharyngeal pouch-derived organs of
Pbx1/ embryos, such as thymus, parathyroids and ultimo-
branchial bodies. For example, the thymus in Pbx1/ embryos
is mostly ectopic, the lobes do not fuse and do not descend into
the mediastinum (Manley et al., 2004). A similar thymic
phenotype is observed in mice that are compound mutants for
three Paralogous 3 Hox genes (Hoxa3+/, b3/ and d3/)
(Figs. 3D–G; Manley and Capecchi, 1998) consistent with a
scenario where Pbx1 acts together with multiple Hox proteins
and in multiple cell types to regulate pharyngeal development.
A role for Pbx1 in patterning the vertebrate limbs was
suggested by its restricted expression within the proximal
domains of the limb bud, as its homolog Exd (Mercader et al.,
1999). Indeed, skeletal structures of the proximal limbs and
limb girdles, which normally express nuclear Pbx1 in early
development, are strikingly abnormal in Pbx1/ embryos,
while, in contrast, distal limb elements and joints appear normal
(Selleri et al., 2001). This parallels the situation in the fly, where
nuclear-localized Exd is restricted to the proximal limb and isResembles Hox mutant References
) Hoxb1/ (mouse) (Studer et al., 1996)
(McClintock et al., 2002)Hoxb1a MO (zebrafish)
) Hoxa2/ (mouse) (Gavalas et al., 1997)
002) Hoxa1/ (mouse) (Wright, 1993)
Hoxa2/ (mouse) (Gendron-Maguire et al.,
1993; Rijli et al., 1993)
Hoxa3/, Hoxd3/,
Hoxa4/, Hoxa6/
(Condie and Capecchi, 1994;
Kostic and Capecchi, 1994)
Hoxa9/; hoxb9/ (Chen and Capecchi, 1997)
Hoxa10/ (Favier et al., 1996)
01) Hoxa9/ (Lawrence et al., 1997)
) Hoxa3+/; hoxb3/;
hoxd3/
(Manley and Capecchi, 1998)
05) Hox11(Tlx)/ (Dear et al., 1995; Roberts et al.,
1994)
Pdx1(Ipf1)/ (Jonsson et al., 1994)
Rnx/ (Shirasawa et al., 2000)
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identities (Mercader et al., 1999). However, despite the lack of
limb phenotypes in Pbx2/ mice (Selleri et al., 2004), analysis
of Pbx1/; Pbx2+/ double mutants reveals overlapping
functions for Pbx1 and Pbx2 in determining distal limb
development as well (Capellini et al., submitted for publica-
tion). These results suggest that mechanisms of proximal–distal
limb patterning are poorly conserved from flies to vertebrates.
Indeed, vertebrate limb patterning involves Hox genes, while
the proximal–distal axis of the fly leg is established in a Hox-
independent manner (Mann and Morata, 2000).
Pbx1/ embryos exhibit profound anemia which is
primarily cell autonomous and results in a 5-fold decrease in
common myeloid progenitor (CMP) cells in the fetal liver of
mutant embryos (DiMartino et al., 2001). Targeted disruption
of Hox genes also causes hematopoietic defects (reviewed in
Owens and Hawley, 2002; see below), suggesting that Hox and
Pbx may cooperate in the myeloid lineage to promote erythroid
differentiation.
The absence of early patterning defects in mouse Pbx
mutants suggests either that some Hox functions do not require
interactions with Pbx proteins or that, like in the zebrafish,
different Pbx genes are partially redundant for early Hox
functions. Like in the zebrafish, Pbx2/ mice are viable and
do not display phenotypic abnormalities (Selleri et al., 2004).
However, recent results demonstrate that Pbx1; Pbx2 mutant
embryos die earlier in utero than Pbx1/ embryos and display
drastic exacerbation of the skeletal phenotype and appearance
of novel skeletal abnormalities, including distal limb defects,
not observed in Pbx1/ embryos (Capellini et al., submitted
for publication). These results unequivocally point to over-
lapping functions of Pbx family members, at least in select
organ systems and in tissues with overlapping expression
patterns. The characterization of overlapping functions of
different Pbx family members in select organ systems is the
subject of numerous ongoing investigations.
Pbx and Hox genes interact genetically
Situations in which mutations in two genes synergize to
cause a much more severe phenotype than either mutation
alone are often taken as evidence of an important interaction
between these two genes in controlling that process. As
described above, loss of either pbx4 or hoxb1a in zebrafish
causes a failure of facial branchiomotor neurons to migrate
from their origin in rhombomere 4 (where hoxb1a is expressed)
to more posterior rhombomeres. Partial knockdown of hoxb1a
in a pbx4 heterozygous background showed that these two
genes synergize to control motor neuron migration (Cooper
et al., 2003). Similarly, Hox paralog group 1 genes synergize
with zygotic pbx4 to specify rhombomere identities (Waskie-
wicz et al., 2002). In the mouse, Pbx1 and Hoxa2 genetically
interact to pattern Branchial Arch 2-derived craniofacial
structures (Depew, Ferretti, Rijli and L.S., unpublished results).
These genetic interactions strongly support the model in which
Hox proteins function together with Pbx proteins to control
developmental processes.Pbx is required for Hox activity
If Pbx is an essential Hox cofactor in vertebrates, the
expectation is that, when Hox genes are overexpressed, their
ectopic effects will be dependent on the presence of Pbx
cofactors. In the zebrafish, overexpression of anterior Hox
genes leads to a posterior transformation of segment identities
in the hindbrain and ectopic expression of hindbrain markers in
the telencephalon and eye. However, when Hox genes are
overexpressed in a pbx4 mutant background, this effect is
strongly suppressed (Cooper et al., 2003; Popperl et al., 2000).
A similar strict requirement by Hox genes for Pbx function has
not been demonstrated in mammals. However, Pbx has been
found to enhance some cases of Hox-dependent transformation
of hematopoietic cells in culture (Krosl et al., 1998; Thor-
steinsdottir et al., 1999).
Hox and Pbx promote cell proliferation
Hox and Pbx genes have been implicated as proto-
oncogenes in human leukemia. Pbx1 was originally isolated
as a proto-oncogene at the site of the t(1:19) rearrangement in
leukemia, whereby its homeodomain is fused to the transcrip-
tional activation domains of the immunoglobulin enhancer-
binding protein E2a (Kamps et al., 1990; Nourse et al., 1990).
The derived chimeric oncoprotein retains the ability to bind
DNA as a complex with Hox proteins and causes aberrant
proliferation of hematopoietic progenitors and leukemic
transformation. The inappropriate expression of Hox proteins
has similarly been implicated in human leukemia. Hoxa9,
which interacts with Pbx proteins in vitro (LaRonde-LeBlanc
and Wolberger, 2003; Shen et al., 1996), is fused to a
subdomain of nucleoporin due to a t(7;11) translocation in
patients with acute myeloid leukemia (AML) (Borrow et al.,
1996; Nakamura et al., 1996). In cultured cells, Hoxa9 is able
to immortalize myeloid progenitors in a manner that is
dependent on functional interactions with Pbx and Meis
(Schnabel et al., 2000). A number of other Hox proteins are
able to prevent differentiation and/or cause transformation of
cells in culture, and, in most cases, these activities are dependent
on interactions with Pbx (Knoepfler et al., 2001; Krosl et al.,
1998; Sauvageau et al., 1997; Thorsteinsdottir et al., 1997;
Yaron et al., 2001).
This cooperative role of Hox and Pbx in leukemic cells may
reflect a cooperative role for Hox–Pbx complexes in promoting
cell proliferation during normal development. A role of Hox
proteins in the regulation of progenitor cell proliferation has
been suggested based on studies of Hox null mice (Duboule,
1995; Hombria and Lovegrove, 2003). Hox overexpression in
the chick limb bud demonstrates that Hoxd11 and Hoxd13
pattern the limb skeleton by regulating the rates of cell division
in the proliferative zone of growing cartilage (Goff and Tabin,
1997). Furthermore, overexpression of a Hoxc8 transgene
causes cartilage defects such as accumulation of proliferating
chondrocytes and reduced maturation (Yueh et al., 1998).
Similarly, analysis of the mouse Pbx1 mutant revealed a
function for Pbx1 as a promoter of proliferation of progenitor
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affected by the mutation is hypoplastic and/or aplastic and
characterized by a marked reduction in proliferating cells
(Selleri et al., 2001). For example, the numbers of S-phase
CMPs are reduced in Pbx1 mutants (DiMartino et al., 2001),
and proliferation rates are reduced in cartilage, pancreatic,
thymic and splenic progenitors (Kim et al., 2002; Manley et
al., 2004; Brendolan et al., 2005). Although a direct interaction
cannot be strongly inferred from similar phenotypes, the
similar requirements for Hox and Pbx in cell proliferation
and leukemic transformation are not inconsistent with such a
model.
Some Hox functions require the Hox hexapeptide motif
If Pbx proteins interact with Hox proteins through the Hox
hexapeptide motif and if this interaction is essential for Hox
function, then a specific prediction is that mutating the
hexapeptide motif of a Hox protein will recapitulate the null
phenotype. Indeed, the ability of some vertebrate Hox proteins
to immortalize or transform cells in culture is dependent on
interactions with Pbx via the Hox hexapeptide motif as
described above. Recently, the in vivo function of the Hoxa1
hexapeptide motif was addressed by changing the WM amino
acids of the hexapeptide to AA in Hoxa1 by targeted
mutagenesis in the mouse (Remacle et al., 2004). The same
mutation had previously been shown to prevent Exd binding to
Hoxa1 in vitro and to eliminate target gene expression in
transfected cells (Phelan et al., 1995; Remacle et al., 2002).
This subtle hexapeptide mutation caused a phenotype, closely
resembling the loss-of-function phenotype in which hindbrain
rhombomere 5 is eliminated and rhombomere 4 is strongly
reduced (Carpenter et al., 1993; Mark et al., 1993). However,
the overall phenotype and lethality of the Hoxa1 hexapeptide
mutant are milder than the null, a difference attributable either
to the different genetic background in which the respective
mutants were made, to hexapeptide-independent Hox–Pbx
interactions or to some partial independence of Hoxa1 from
Pbx proteins (see below).
Meis/Prep proteins as vertebrate Hox cofactors
While the discussion thus far has focused on Pbx proteins as
vertebrate Hox cofactors, evidence suggests that the Meis/Prep
proteins are also required for the normal function of the Hox–
Pbx complex. Hox/Pbx binding sites upstream of Hox target
genes are often associated with essential Meis/Prep sites, and
Meis/Prep proteins bind these targets cooperatively with Hox
and Pbx in vitro (Berthelsen et al., 1998; Chang et al., 1997;
Ebner et al., 2005). In Drosophila, where the function of the
Meis protein Homothorax (Hth) has been well studied, Hth is
essential for Exd function (reviewed in Mann and Affolter,
1998; Ryoo et al., 1999). The in vivo analysis of vertebrate
Meis/Prep function has lagged behind the analysis of Pbx
function. Zebrafish embryos injected with mRNA encoding a
dominant-negative Meis protein or with antisense morpholinos
directed against Prep1.1 phenocopy pbx4 mutants (Choe et al.,2002; Deflorian et al., 2004; Vlachakis et al., 2001; Waskiewicz
et al., 2001), although Prep1.1 morpholino-injected embryos
have other, unique phenotypes not observed in pbx4 or pbx2;
pbx4 mutants (Deflorian et al., 2004). In the mouse, Meis1 and
Prep1 mutants are embryonic lethal and exhibit a variety of
abnormalities including hematopoietic and angiogenic defects
and severe organ hypoplasia (Azcoitia et al., 2005; Hisa et
al., 2004). The ontogeny of these defects and their similarity
to Hox or Pbx phenotypes has been investigated in Prep1
mutants (E. Ferretti, personal communication). The similarity
of zebrafish pbx and meis/prep phenotypes is consistent with
a model, based on biochemical data, in which a tripartite
Hox–Pbx–Meis/Prep complex is required for Hox-dependent
gene regulation. However, Meis/Prep and Pbx are also
known to interact in the absence of DNA, and this interaction
regulates the subcellular localization (Abu-Shaar et al., 1999;
Berthelsen et al., 1999; Jaw et al., 2000; Mercader et al., 1999;
Rieckhof et al., 1997) and stability (Jaw et al., 2000;
Longobardi and Blasi, 2003; Waskiewicz et al., 2001) of Pbx
proteins. Thus, the observed effects of Meis/Prep manipulations
on Hox function could be due to indirect effects on Pbx
availability.
Other functions for Pbx
Many of the Pbx mutant phenotypes discussed above are
similar to Hox mutant phenotypes and can be attributed to
effects on Hox function. However, some aspects of Pbx
phenotypes suggest that Pbx and Meis/Prep may act more
broadly to modulate the activity of non-Hox homeodomain
proteins or even non-homeodomain proteins. There is
precedent for this in invertebrate systems: in the fly, Hox-
independent functions for Exd and Hth are well known. Exd
repression of Distalless (Dll) expression in the visceral
mesoderm in anterior abdominal segments is independent of
any known Hox gene (Rauskolb and Wieschaus, 1994), as is
the Exd/Hth-dependent patterning of the notum (Aldaz et al.,
2005), the leg (Abu-Shaar and Mann, 1998) and the induction
of the antennae (Casares and Mann, 1998). Similarly, recent
genetic analysis of the C. elegans Exd and Hth homologs
ceh-20 and lin-62 has shown that some but not all of their
mutant phenotypes resemble those of Hox mutants (Yang et
al., 2005). Although in these cases the actual DNA-binding
partner of the TALE protein, if any, is not known, in other
cases, biochemical and genetic data point strongly to a
specific non-Hox partner whose function is affected in the
absence of Pbx/Exd.
Pbx proteins function as partners for ‘‘orphan’’ Hox proteins
Pbx1/ mouse embryos exhibit organogenesis defects
resembling those of mice lacking individual homeobox genes
that are highly related to the clustered Hox genes. These so-
called ‘‘orphan’’ or ‘‘metaHox’’ genes are thought to be
ancient duplicates of clustered Hox genes (Brooke et al.,
1998). Pbx1/ embryos exhibit pancreas hypoplasia and
marked defects in exocrine and endocrine cell differentiation
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and ngn3 (essential regulators of pancreatic morphogenesis
and differentiation), while Pbx1 heterozygotes have pancreatic
islet malformations, impaired glucose tolerance and hypoin-
sulinemia (Kim et al., 2002). These pancreatic defects very
closely recapitulate defects of mice mutant for Pdx1, an
orphan Hox gene (Jonsson et al., 1994; Offield et al., 1996).
Pdx1, which contains a canonical hexapeptide motif,
dimerizes and binds DNA cooperatively with Pbx1 in vitro
(Peers et al., 1995). Furthermore, Pdx1 and Pbx1 exhibit a
strong genetic interaction since Pbx1+/; Pdx1+/ mice
develop age-dependent diabetes mellitus, in contrast to either
single mutant (Kim et al., 2002). Together, these data point
strongly to Pbx1 being an essential DNA-binding cofactor for
Pdx1.
Pbx1/ embryos also lack a spleen, a defect that
phenocopies the spleen agenesis of Hox11 null mice
(Brendolan et al., 2005; Dear et al., 1995; Roberts et al.,
1994) (Table 1). Hox11 (also known as Tlx1) encodes a non-
clustered orphan Hox protein that, like Pdx1, dimerizes and
binds DNA with Pbx1 through a conserved hexapeptide
motif (Allen et al., 2000; Dear et al., 1993). Furthermore,
Pbx1 and Hox11 (Tlx1) genetically interact in spleen
formation since Pbx1+/; Hox11+/ mice develop hypoplas-
tic and malformed spleens, whereas single heterozygotes
exhibit normal spleen development (Brendolan et al., 2005).
Hox11, which is activated by the t(10;14) (q24;q11)
chromosomal translocation in T-cell acute lymphoblastic
leukemia (T-ALL), can transform NIH3T3 cells in coopera-
tion with Pbx (Allen et al., 2000), suggesting that the ability
of Pbx to cooperate with Hox proteins in leukemogenesis
may also extend beyond the clustered Hox genes to include
the orphan Hox genes.
Interestingly, Pbx3/ mice develop to term but die within
a few hours of birth from central respiratory failure due to
abnormal activity of inspiratory neurons in the ventrolateral
medulla (Rhee et al., 2004), an abnormality that phenocopies
that reported in mice deficient for Rnx (Shirasawa et al.,
2000). Rnx is a metaHox (or orphan Hox) hexapeptide-
containing homeodomain protein related to Hox11 (Hatano et
al., 1991; Kennedy et al., 1991). Rnx is co-expressed with
Pbx3 and Meis1a in neurons of the caudal regions of the
ventral medullary respiratory center, and the three proteins
form a trimeric complex on an endogenous enhancer contain-
ing consensus sites for all three proteins (Rhee et al., 2004).
Transient transfection assays demonstrated that this complex
promotes reporter gene expression and that, while Rnx
expression is unperturbed in Pbx3/ mice, its ability to
enhance transcription is compromised in the absence of Pbx3
(Rhee et al., 2004). These results support a model in which
Pbx3 and Rnx interact to promote gene expression essential
for the normal development and/or function of inspiratory
neurons of the ventral medullary respiratory center. However,
the respiratory pattern in Rnx/ mice is characterized by
more frequent and prolonged apneas than that reported in
Pbx3/ mice, likely reflecting Pbx3-independent Rnx3
activity.Pbx proteins function as partners for non-Hox homeodomain
proteins
Pbx proteins also interact with more divergent home-
odomain proteins. In Drosophila, Exd is required for some
functions of Engrailed, a non-Hox homeodomain protein which
contains a divergent tryptophan hexapeptide motif (Alexandre
and Vincent, 2003; Kobayashi et al., 2003; Peifer and
Wieschaus, 1990; Serrano and Maschat, 1998). In vitro, Pbx/
Exd interacts with Engrailed via this tryptophan motif
(Kobayashi et al., 2003; Peltenburg and Murre, 1996). While
interactions between vertebrate Pbx and Engrailed (En)
proteins have not yet been demonstrated, the midbrain
phenotype of pbx4 mutants in zebrafish resembles that of
embryos lacking En2 and En3 (Scholpp et al., 2003), and the
effects of En overexpression are dependent on the presence of
Pbx4, suggesting that this interaction may be conserved (A.
Waskiewicz and C.B.M., unpublished).
Exd and Hth also interact genetically with Distalless, which
encodes another homeodomain protein, to specify antennal fate
(Dong et al., 2000). Dll and the homologous Dlx proteins in
vertebrates lack tryptophan residues N-terminal to the homeo-
domain but contain two conserved tryptophan-containing
motifs that may mediate interactions with Exd/Pbx (Pangani-
ban and Rubenstein, 2002). However, a direct physical
interaction between Exd and Dll has yet to be demonstrated.
In vertebrates, Pbx proteins have been shown to interact
physically with other homeodomain proteins, although their
requirement for the normal functions of these proteins in
vivo has not yet been demonstrated (Rave-Harel et al., 2004;
Josephson et al., 1998). Conversely, a number of vertebrate
homeodomain proteins containing conserved hexapeptide-like
motifs have been identified computationally, but their
abilities to interact physically with Pbx proteins has not
been investigated (In der Rieden et al., 2004). Thus, the
repertoire of homeobox transcription factor complexes in
which Pbx participates is expected to grow with further
biochemical and genetic analysis of Pbx proteins and their
putative partners.
Pbx proteins function as partners for non-homeodomain
proteins
Pbx proteins may act even more broadly to modulate the
activities of non-homeodomain transcription factors as well.
Knoepfler et al. (1999) showed that Pbx bound DNA
cooperatively with the myogenic bHLH proteins MyoD,
myf5 and others. As for Pbx–Hox interactions, these Pbx–
bHLH interactions occurred via a conserved tryptophan motif
N-terminal to the bHLH DNA-binding domain. Although a
requirement for Pbx in muscle development has yet to be
demonstrated, a recent study elegantly demonstrated the
mechanism of Pbx–MyoD interaction during myogenic
differentiation in vitro (Berkes et al., 2004). During muscle
differentiation, MyoD activates expression of myogenin and
a number of other targets. Berkes et al. showed that
chromatin remodeling and activation of a subset of these
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to a divergent E-box element in their promoters. Since Pbx–
Meis can bind this element in undifferentiated cells in the
absence of MyoD, Berkes et al. postulate that Pbx–Meis acts
as a molecular ‘‘beacon’’ for the subsequent recruitment of
MyoD and activation of the myogenic program. Whether this
is a general model that also applies to the better known role
of Pbx and Meis as cofactors for Hox proteins remains to be
determined.
Finally, some aspects of the Pbx mutant phenotypes do not
recapitulate phenotypes of any known or predicted Pbx
partners. For example, pbx4 zebrafish mutants exhibit cranial
neural crest defects in which streams of neural crest that are
normally separated by crest-free zones are fused. This neural
crest migration defect in pbx4 mutants is due in part to a loss
of restricted semaphorin expression in the crest-free zones (Yu
and Moens, 2005). However, the mechanism by which Pbx
controls semaphorin expression is unknown. Similarly, abnor-
malities of the axial and appendicular skeleton in Pbx1/
mouse embryos do not precisely phenocopy the defects in
these structures reported for Hox mutants (Selleri et al., 2001).
These findings suggest a scenario where Pbx homeodomain
proteins exert some of their roles in development via as-yet
unexplored Hox-independent pathways.
Pbx-independent functions of Hox proteins
Although mouse and zebrafish Pbx mutants resemble Hox
mutants in some respects, many known Hox functions do not
appear to be affected. As discussed above, this may be due to
redundancy between Pbx family members, a possibility that is
borne out by the ‘‘hoxless’’ hindbrain phenotype of zebrafish
embryos lacking Pbx2 and Pbx4 (In der Rieden et al., 2004;
McNulty et al., 2005; Waskiewicz et al., 2002). However, it is
also possible that some Hox functions are Pbx-independent. In
Drosophila, some developmental processes that require Hox
genes, such as the specification of the haltere, do not require
Exd or Hth function. In this context, Hox proteins can regulate
target genes by the combinatorial effect of binding to multiple,
monomeric sites (Galant et al., 2002; Hersh and Carroll, 2005;
Pederson et al., 2000). However, of the relatively small number
of direct Hox targets that have been defined in vertebrates, all
are comprised of paired Hox/Pbx or Hox/Pbx/Meis sites, and
all require the Pbx-binding component and/or the Meis-binding
component of these sites for their transcriptional activity
(Ferretti et al., 2000; Frasch et al., 1995; Gould et al., 1998;
Jacobs et al., 1999; Maconochie et al., 1997; Manzanares et al.,
2001; Popperl et al., 1995; Samad et al., 2004). Thus, based on
the analysis of a limited number of known Hox targets, no
cofactor independent Hox functions have been identified in
vertebrates. Mutation of the meis site in the Hoxb2 r4 enhancer
phenocopies Pbx–Hox site mutation to abrogate enhancer-
directed expression of a reporter transgene in the hindbrain.
Aswe described earlier, biochemical and structural analyses of
Hox–Pbx interactions have predicted that, if Pbx is required for
Hox function, then mutating the hexapeptide motif of a Hox
protein will eliminate its function. This prediction is borne out bythe in vivo analysis of a targeted Hoxa1 hexapeptide mutant
(Remacle et al., 2004) and for the transforming activities of a
number of Hox proteins in vitro. However, some examples of
hexapeptide-independent Hox functions have been described in
mammalian cells and in knock-in mice (Calvo et al., 2000;
Fischbach et al., 2005; Knoepfler et al., 2001; Medina-Martinez
and Ramirez-Solis, 2003; Shen et al., 2004). For example, the
ability of Hoxb6 to immortalize myeloid cells in vitro is
independent of its hexapeptide motif (Fischbach et al., 2005).
Indeed, hexapeptide-dependent interactions with Pbx have
recently been shown to antagonize Hox function in the case of
Hoxb4-dependent self-renewal of hematopoietic stem cells
(HSC) (Beslu et al., 2004). Recently, the hexapeptide motif of
the Hoxb8 protein wasmutated by targeted mutagenesis in mouse
embryonic stem cells. The resulting mutants had a dominant
phenotype consistent with ectopic Hoxb8 activity rather than loss
of activity (Medina-Martinez and Ramirez-Solis, 2003). These
observations suggest that some vertebrate Hox functions are
independent of, or even antagonized by, binding to Pbx.However,
at least in the case of Hoxb4 effects on HSC expansion, it is worth
cautioning that the Pbx antagonistic effects were observed under
conditions of Hoxb4 overexpression, which may not necessarily
reflect in vivo functional roles of Hoxb4–Pbx interactions.
Recent structural analysis of Hox–Pbx complexes suggests
a model for the different effects of Hox hexapeptide mutations.
LaRonde-LeBlanc and Wolberger (2003) showed that ‘‘poste-
rior’’ Hox proteins (Hoxa9 in particular) can bind their specific
DNA target in the absence of Pbx, while ‘‘anterior’’ Hox
proteins (Hoxa1) are much more dependent on Pbx for DNA
binding. Comparison of the structures of DNA-bound Hoxa9–
Pbx1 and Hoxa1–Pbx1 complexes provided a mechanistic
basis for these differences in DNA-binding affinity and
cooperativity. These findings predict that posterior Hox
proteins with a mutated hexapeptide may nevertheless bind
their DNA targets but fail to transactivate them, acting instead
as repressors and causing dominant neomorphic phenotypes. In
contrast, anterior Hox proteins lacking the hexapeptide will not
bind DNA and will thus recapitulate the loss-of-function
phenotype as was observed (Remacle et al., 2004). A further
prediction is that, while Pbx mutants will phenocopy anterior
Hox loss-of-function phenotypes, they may exhibit posterior
Hox gain-of-function or neomorphic phenotypes. While this
has not yet been noted for vertebrate Pbx mutants, this
prediction is borne out by the phenotype of Drosophila Exd
mutants which have a complex combination of anterior (Hox
loss-of-function) and posterior (Hox gain-of-function) trans-
formations (Peifer and Wieschaus, 1990).
An alternative explanation for the failure of some Hox
hexapeptide mutants to recapitulate the loss-of-function phe-
notype is that the hexapeptide is in fact not essential for the
Hox–Pbx interaction. Recent work in Drosophila has shown
that both Ubx and AbdA can interact with Exd even when their
hexapeptide motif is mutated (Galant et al., 2002; Merabet et
al., 2003). While these hexapeptide mutants were still able to
interact with Pbx in vitro, some of their in vivo activities were
changed, suggesting that hexapeptide-dependent interactions
with Exd alter the way in which Hox genes regulate their
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2002; Merabet et al., 2003; Peifer and Wieschaus, 1990). While
general rules for the in vivo effects of hexapeptide-dependent
and -independent Hox–Pbx interactions have yet to emerge,
the identification of new Hox–Pbx targets (Ebner et al., 2005)
should aid in this quest.
Other Hox cofactors
Recent work in Drosophila has shown that monomeric Hox
proteins can regulate gene expression through the combinatorial
effect of binding to multiple, low-affinity monomeric recogni-
tion sites (Appel and Sakonju, 1993; Galant et al., 2002; Hersh
and Carroll, 2005; Pederson et al., 2000). However, recent
genetic data, also from Drosophila, have suggested that other
proteins may function as Hox cofactors. t-shirt (tsh), discon-
nected (disco) and disconnected-related (disco-r) encode zinc-
finger transcription factors that are required for the specification
of gnathal (disco and disco-r) and thoracic (tsh) segments; these
segments also depend on the Hox genes Dfd (Hox-4 homolog;
mandibular and maxillary gnathal segments), Scr (Hox-5
homolog; labial gnathal segment) and Antp (Hox-6 homolog;
thoracic segments) for their specification (Robertson et al.,
2004). Genetically, tsh and disco/disco-r act as Hox cofactors.
For example, dfd and scr expression is established indepen-
dently of disco/disco-r (and vice versa). However, loss of disco
and disco-r negatively affects expression of known Dfd and Scr
targets. Furthermore, disco and disco-r are required for anterior
transformations caused by ectopicDfd expression (Robertson et
al., 2004). While these data make a strong genetic case for Tsh
and Disco/Disco-r acting as Hox cofactors, evidence for a direct
interaction is lacking. Furthermore, it is not clear whether Tsh
andDisco/Disco-r are acting in place of or in addition to Exd/Hth
in these contexts since Exd and Hth are known to interact with
Dfd, Scr and Antp in the same segments that are affected by Tsh
and Disco/Disco-r (Pinsonneault et al., 1997; Rauskolb and
Wieschaus, 1994; Ryoo and Mann, 1999). Vertebrate genomes
contain tsh homologs which, when expressed in flies, can rescue
the phenotype of a tsh mutant (Manfroid et al., 2004). Two of the
four zebrafish tsh genes are expressed in rhombomere-restricted
domains similar to the anterior Hox gene expression domains
(C.B.M. and D.W. Raible, unpublished). It remains to be
determined whether these genes function as Hox cofactors in
vertebrates as well.
Earlier, we described evidence suggesting that Exd/Pbx
function as cofactors for the homeodomain protein Engrailed
(En) in flies and vertebrates in the absence of Hox proteins.
However, recent evidence from the fly suggests that, converse-
ly, En may also interact with Hox proteins in the absence of
Exd. The segmentation proteins Engrailed and the forkhead
domain protein Sloppy paired (Slp) are required together with
the Hox proteins Ubx and AbdA to repress Distalless
expression, and thus the development of legs, in the fly
abdomen (Gebelein et al., 2004). In this context, Exd and Hth
are likely to be part of the DNA-bound En–Hox or Slp–Hox
complexes. However, these authors found that Ubx or AbdA
bind DNA cooperatively with En in the absence of Exd or Hth,and previous genetic evidence suggested that repression of
other targets by En requires Ubx and AbdA in the absence of
Hth (Alexandre and Vincent, 2003; Gebelein et al., 2004).
Thus, in some contexts, it is possible that Hox proteins can
contribute to the DNA-binding specificity of En. In vertebrates,
a major function for En proteins is in the developing
cerebellum where Hox proteins are not expressed. However,
En also functions in the developing limb primordium where its
expression overlaps with Hox gene expression (Loomis et al.,
1996). A genetic interaction between En and Hox in vertebrate
limb development has not been described.
Conclusions
We have outlined the evidence that the proteins originally
identified in Drosophila as Hox cofactors act as such in
vertebrate development as well. Typically, this evidence comes
in two forms: the first being direct physical interaction between
a Hox protein and the cofactor, and the second being a marked
similarity in specific Hox and Pbx (or Meis/Prep) mutant
phenotypes. However, in only a few cases has a more direct
requirement for the cofactor in Hox function been demonstrat-
ed. This is partly due to the paucity of known Hox targets, and
thus Hox reporters, in vertebrate embryos. Most of the Hox
targets that have been characterized in vivo are the strongly
cofactor-dependent autoregulatory elements in anterior Hox
genes, and these may not be representative of Hox targets in
general. Computational identification of Hox targets based on
consensus target sites may not be helpful in this pursuit, given
the failure to identify relevant sites using this approach in
Drosophila (Ebner et al., 2005). Accordingly, other approaches
for identifying Hox targets, such as a combination of
microarray and more direct detection assays such as chromatin
IP, are required. Similarly, the identification of targets of non-
Hox proteins with which Pbx or Meis/Prep proteins are
hypothesized to interact will allow those interactions to be
directly tested in vivo.
Pbx and Meis/Prep proteins are present broadly in vertebrate
and invertebrate embryos, and, in vertebrates, the overlapping
localization of multiple Pbx proteins is a likely source of
genetic redundancy. An important goal for the understanding of
Pbx function in development is to understand the extent of this
redundancy, and, to this end, the phenotypes of double and
triple Pbx mutants in the mouse will be of considerable interest.
A major unresolved question both in the vertebrate and
invertebrate Hox cofactor literature is how interactions between
Hox proteins and their cofactors affect Hox activity in vivo.
This question has been addressed in the vertebrate literature by
making Hox hexapeptide mutants whose activities have been
tested in cultured cells or in knock-in mice. In the case of some
Hox proteins, these hexapeptide mutants are non-functional,
while, in other cases, they appear to retain function or even to
gain new functions, suggesting that some Hox activities are
cofactor-independent. The rules that govern how an individual
Hox protein’s activity is affected by cofactor binding have yet
to emerge. Here, again, progress will depend on the availability
of more defined Hox targets, particularly in the mouse where
C.B. Moens, L. Selleri / Developmental Biology 291 (2006) 193–206 203targeted knock-ins of modified Hox genes allow unparalleled
insights into the functions of the hexapeptide and other putative
cofactor interaction motifs.
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